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Abstract 
Laser technology has been used in industrial processes for several decades. The most advanced development and 
implementation took place in laser welding and cutting of metals in automotive and ship building industries. However, there is 
high potential to apply laser processing to other materials in various industrial fields. One of these potential fields could be paper 
industry to fulfill the demand for high quality, fast and reliable cutting technology. Difficulties in industrial application of laser 
cutting for paper industry are associated to lack of basic information, awareness of technology and its application possibilities.  
Nowadays possibilities of using laser cutting for paper materials are widened and high automation level of equipment has made 
this technology more interesting for manufacturing processes. Promising area of laser cutting application at paper making machines 
is longitudinal cutting of paper web (edge trimming). There are few locations at a paper making machine where edge trimming is 
usually done: wet press section, calender or rewinder. Paper web is characterized with different moisture content at different points 
of the paper making machine. 
The objective of this study was to investigate the effect of moisture content of paper material on laser cutting parameters. Effect 
of moisture content on cellulose fibers, laser absorption and energy needed for cutting is described as well. Laser cutting tests were 
carried out using CO2 laser.  
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1. Introduction 
The laser cutting process of paper, as with most wood-based materials, is a thermochemical decomposition process. 
The principle of laser cutting process applied to paper material is shown in Figure 1 (Piili, 2009). 
 
 
Fig. 1. The principle of laser cutting of paper. (Piili, 2009) 
 
Nomenclature 
El cutting energy per unit length [J m-1]  δ thickness of paper material [m] 
P laser power [W]     R radius of laser beam [m] 
v cutting speed [m s-1]     Cp specific heat of paper material [J kg-1 K-1] 
Cp1  specific heat capacity of paper material [J kg-1 K-1]  Cp2   specific heat capacity of water [J kg-1 K-1] 
ρ density of paper material [kg m-3]    
w1   mass fracture of paper material [kg]  w2   mass fracture of water [kg] 
ΔTd (= Td - Ta, Td = degradation temperature, Ta = ambient temperature) [K] 
As can be seen from Fig. 1, cutting process of paper with laser is considered as vaporization cutting. When the 
laser beam reaches the surface of the work piece it heats up the material to its evaporation temperature and causes the 
material to sublimate. (Piili 2009) 
The energy from the laser beam interacts with the paper material to break chemical bonds and thus disrupt the 
structure of the material. When cutting a material such as paper, cardboard or pulp, this degradation process has the 
effect of reducing the large cellulose molecules down to their elemental constituent, which are carbon, hydrogen and 
oxygen. (Piili 2009) Thus, laser cutting imply low possible health hazard that could be caused by the fumed chemical 
compounds or the compounds that stay on the cut surface. However, there are not enough studies made on this topic. 
Laser light significantly differs from ordinary light by its unique characteristics. Laser light has the photons of same 
frequency, wavelength and phase. In comparison to ordinary light, laser beams are highly directional, have high power 
density and better focusing characteristics. This enables the laser beam to be used for material processing. Moreover, 
different laser types generate the beam with different properties (Dubey and Yadava 2008). 
2. Interaction of light and paper material  
Laser cutting process can be considered as a thermochemical decomposition process. However, decomposition 
process takes place when laser radiation is absorbed by the paper material, i.e. the paper material is in interaction with 
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the laser beam. Since laser introduces the energy as light the interactions between the paper material and the laser 
beam are also optical.  
Paper material consists of several different optical boundaries: surface, pores with different size and shape, mineral 
pigments with size of few micrometers and long fibers. Light can transmit, reflect, scatter, refract, diffract, absorb, 
etc., when it interacts with paper material or components of it (Piili 2009,Gustavsson1995, Pauler, 2002). 
From microscopic point of view, it can be said that, when light meets paper material, a complicated interaction of 
3D network of wood fibers and light takes place. Figure 2 illustrates this complexity of the interaction between light 
and paper (Pauler 2002). 
When light interacts with paper material, it reflects horizontally, vertically and back from the fiber and pigment 
surfaces. Different routes for light rays as they hit paper and print surface are presented in Figure 2. In case A, first-
surface reflection occurs from non-printed surface. B represents a light beam that is absorbed in the ink layer. First-
surface reflection can also occur from the surface of the ink layer (C). D case represents a diffuse reflection. E 
describes a situation, where a light beam enters the paper from a non-printed point and as a result of a diffuse reflection 
is absorbed into the ink layer. The cases F-I represent situations that can take place when ink layer is not absorbing 
light rays completely (Gustavsson  2002).  
 
 
Fig. 2 Different entering and exiting routes for light rays as they hit paper and print surface (Gustavsson 2002). 
 
To describe reflection, refraction and diffraction, light scattering is used as one concept (Pauler 2002, Lindholm 
and Kettunen 1983, Aaltonen1983). When considering paper materials, light scattering is dependent on:  
x the number of optical boundaries to reflect the light 
x refractive index of the material that light meets 
x amount, size, shape, and distribution of particles that have the same size as wavelength of light (remarkable particle 
size range is 0.25 – 1 μm). 
Basically, natural fibers have a hollow cross section structure. Never-dried fibers are almost completely 
uncollapsed (Fig. 3) (Page, 1967). 
 
Fig. 3.  Different degrees of fiber collapse: (A) original fiber, (B) partially collapsed fiber, and (C, D) completely collapsed fiber (Jayme and 
Hunger1961). 
Hollow structure of the wood fibers is collapsed in paper/cardboard making process. During drying both the fiber 
cross section and the fiber cell wall respectively collapse and contract. Thus, the cell walls also contribute in light 
scattering and act as optical boundaries (Jayme and Hunger 1961). 
The effects of laser treatment on cellulosic material (in terms of behavior under laser treatment) can be studied also 
from materials such as cotton that has the chemical structure close to that of paper material. Study done by Chow et 
al. revealed that the exposure of cotton fabric to CO2 laser irradiation would lead in significant change of the surface 
 Alexander Stepanov et al. /  Physics Procedia  78 ( 2015 )  120 – 127 123
morphology (Chow et al. 2011). Pores, cracks and fragments were clearly observed on the fiber surface using scanning 
electron microscopy (SEM) technology. Using the results of Fourier transform infrared spectroscopy – Attenuated 
total reflectance (FTIR-ATR) analysis, it can be said that laser irradiation induced thermal degradation inside the 
cotton samples as reflected by a higher amount of oxidation products, i.e. carbonyl and carboxyl groups which were 
located in the irradiated area. This was also further supported by X-ray photoelectron spectroscopy (XPS) analysis 
which revealed changes in the elemental composition and content of carbon and oxygen after laser treatment. This 
clearly indicated that the chemical composition of the surface of the laser-treated cotton fabric was modified (Chow 
et al. 2011). 
Absorption characteristics of dry pulp and moist pulp can be found from Fig. 4 (Olsson and Salmen 2004). 
 
Fig. 4.  Different absorption spectra of kraft pulp (dry and moist), water and water vapor (Olsson and Salmen 2004). 
Fig. 4 shows the spectra of a moist paper together with the difference spectrum between the wet and dry state reflecting 
the adsorbed water in the paper material. There is a clear resemblance between the absorbance peaks for liquid water 
and the differential peaks representing the adsorbed water molecules in the moist paper material; that is peaks at 4.76, 
6.06 and 14.28 μm (2100, 1650 and 700 cm-1). In addition, the peak at 2.77 μm (3600 cm -1) in the differential spectrum 
corresponds to the shoulder of the large OH peak of the water originating from stretching bands belonging to OH 
groups engaged in hydrogen bonding (Olsson and Salmen 2004). 
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3. Linear cutting energy 
Linear cutting energy required for cutting of paper material was calculated before cutting. The aim of the tests was 
to find out laser parameters needed to obtain required quality of the cuts (complete cutting without visible defects). 
Equation 1 shows calculation of linear cutting energy (Pages et al. 2005).  
 
2v1
dP TCRPE
'  GSU          (1) 
 
where El cutting energy per unit length, J m-1 
 P laser power, W 
 v cutting speed, m s-1 
 ρ density of paper material, kg m-3 
R radius of laser beam, m 
δ thickness of paper material, m 
Cp specific heat of paper material, J kg-1 K-1 
ΔTd (= Td - Ta, Td = degradation temperature, Ta = ambient temperature), K. 
Specific heat capacity is calculated based on weight fraction of components and corresponding specific heat 
capacity values (see Equation 2). The model is based on the assumption that mixture consist of cellulose fibers and 
water (Teja 1983). 
 
2211 Cw  C  w  Cmp           (2) 
where  w1   mass fracture of paper material, kg 
  Cp1   specific heat capacity of paper material, J kg-1 K-1 
  w2   mass fracture of water, kg 
  Cp2   specific heat capacity of water, J kg-1 K-1 
 
Specific heat capacity of paper material is equal to 1500 J kg-1 K-1 (Pages, 2005) and specific heat capacity of water 
is equal to 4179 J kg-1 K-1 (Niskanen 2008). 
4. Results and discussion 
4.1 Linear cutting energy 
Density of paper material can be obtained from literature for common paper grades or measured experimentally. 
Paper, Munktell blotter paper grade 1600, used in this study had a density of 578 kg m-3. Radius of laser beam was 
equal to 130 μm. This value corresponds to the focal point position on top of the cut material Thickness of paper 
material was measured as 0.415 mm. Specific heat of paper material is one of the key parameter in linear cutting 
energy calculations. Literature sources provides values of specific heat capacity with high variations. Value of 1500 J 
kg-1 K-1 was reported for pure cellulose (Pages et al., 2005). ΔTd is equal to 225 K what corresponds to degradation 
temperature of cellulose of 250 °C and ambient temperature of 25 °C. Table 1 represents values used for calculation 
of Equation 1. 
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Table 1. Linear cutting energy calculation. 
ρ 0.578*103 
R 130*10-6 
δ 0.415*10-3 
Cp 1500 
ΔTd 225 
E 16.4 
 
Thus, linear cutting energy needed for cutting was calculated as 16.4 J m-1. 
The assumption that there are two pure components, cellulose (mass fraction 0.37) and water (mass fraction 0.63), 
is taken (values were defined after moisturizing test samples). Applying Equation 2, specific heat capacity of paper 
material is equal to 3188 J kg-1 K-1. Thickness and density of paper material is changing according to water content. 
 
Table 2. Linear cutting energy calculation for moist paper material. 
ρ 1.348*103 
R 130*10-6 
δ 0.477*10-3 
Cp 3188 
ΔTd 225 
E 94 
 
Energy needed for laser cutting for dry paper material was 16.4 J m-1 and for moist paper samples as 94 J m-1. 
4.2 Verification of calculated linear cutting energy 
Laser cutting tests were carried out using dry and moist paper material with 30-40 % dry matter content, which 
corresponds to the approximate dry matter content of paper in the wet pressing section of paper machine. The aim of 
the tests was to find out laser parameters needed to obtain complete cut. Laser cutting tests were carried out to verify 
calculated energy needed for cutting. Cutting speed was increased gradually until the point when incomplete cutting 
was visually observed. Fig. 5 represents laser cutting results and expected cutting energy obtained from calculations. 
 
Figure 5. Linear cutting energy: practical verification for dry paper 
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As it can be seen from Fig. 5, initial laser cutting parameters, chosen to provide excess laser energy, resulted in 
complete cut. Further increase of cutting speed (what corresponds to reduction of energy transferred to the sample) 
did not cause immediate incomplete cutting. Decrease of cut quality was observed at energy level reaching 30 J m-1 
(80 000 mm min-1 cutting speed) what was seen as out sticking individual fibers in the cutting area. Incomplete cutting 
was obtained at energy level of 26.67 J m-1 (90 000 mm min-1). The limit value of linear cutting energy, when complete 
cutting was achieved, was found about 28 J m-1. Thus, theoretically calculated laser cutting energy was lower than 
actual energy needed for cutting. 
The same procedure was carried out with moist paper samples. Results of laser cutting energy verification can be 
found from Fig. 6. 
Figure 6. Linear cutting energy: practical verification for moist paper 
As it can be seen from Fig. 6, initial laser cutting parameters resulted in complete cut, the same as in case of dry 
paper material. Decrease of cut quality was observed at energy level reaching 69 J m-1 (35 000 mm min-1 cutting 
speed) what was seen as out sticking individual fibers in the cutting area. Incomplete cutting was obtained at energy 
level of 60 J m-1 (40 000 mm min-1). The limit value of linear cutting energy, when complete cutting was achieved, 
was found about 65 J m-1. Thus, theoretically calculated cutting energy was in fact higher than actual cutting energy. 
 However, definition of the exact cutting energy limit was difficult by visual evaluation as cutting quality decreased 
gradually. Visually evaluated limit values of linear cutting energy of 28 J m-1 for dry samples and 65 J m-1 for moist 
samples can be taken as approximate values. This indicates deviation of practically obtained cutting energies by 70 % 
for dry paper samples and 30% for moist samples from calculated values.  
Deviation of calculated cutting energy can be attributed to inaccuracy of values taken for calculation. Especially it 
refers to specific heat capacity as general value reported in literature was taken. However, severe difference between 
calculated and practically obtained laser energy needed for cutting in case of moist sample cannot be completely 
attributed to inaccuracy. Presence of water which has to be evaporated and shift of absorption peaks into unfavorable 
region for CO2 laser wavelength (10.6 μm) can partly explain that. Such difference had to be caused by structural 
changes of paper material structure due to interaction with water and consequent change of laser beam absorption. 
Thus, laser beam absorption is probably the key element in improvement of calculation accuracy of needed laser 
cutting energy. 
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5. Conclusion  
Laser cutting of both dry and moist paper material was carried out using CO2 laser. Laser cutting energy needed 
for cutting was preliminary calculated. Energy needed for cutting was calculated to be 16.4 J m-1 for dry paper samples 
and 94 J m-1 for moist samples.  
These calculation results were found to be supported by available literature. Absorption of CO2 laser beam is lower 
in case of moist paper material as absorption peak of the material shifts from 10.6 μm wavelength. This together with 
water needed to be evaporated determine higher required cutting energy to execute laser cutting of moist paper 
material. 
However, practical verification of laser cutting energy needed for cutting showed deviation of cutting energies by 
70 % and 30 % for dry and moist paper samples respectively. Partly, deviation of needed cutting energy of dry paper 
samples can be explained by inaccurate values taken for calculation, especially for specific heat capacity. However, 
calculated laser cutting energy for dry samples was practically unachievable whereas corresponding value cutting 
energy of moist samples was diverged in practice.   
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